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Summary
The U.S. Army Research Laboratory (ARL) Sensors & Electron Devices Directorate (SEDD), Radio Frequency (RF) Signal Processing and Modeling Branch designed, developed, and fabricated a second-generation Ultra Wideband (UWB) Synthetic Aperture Radar (SAR) to investigate the feasibility of using UWB radar technology for (a) autonomous robotic vehicle navigation; (b) detecting landmines, Improvised Explosive Devices (IEDs), and unexploded ordnance (UXO) placed on the surface and buried underground; (c) detecting tactical vehicles concealed in foliage; and (d) sensing through the wall. This second-generation radar is referred to as the ARL UWB Synchronous Impulse Reconstruction (SIRE) radar. The UWB SIRE radar is installed in a Ford Expedition. The Expedition provides (a) sufficient cargo space for integrating the UWB SIRE radar and support equipment, (b) suitable ground clearance and power to traverse difficult and rugged terrain, (c) rigid roof structure with adequate height and width for mounting an array of antennas, (d) adequate space to add batteries for powering UWB SIRE radar and support equipment, and (e) passenger seating for at least two team members with UWB SIRE radar equipment installed.
Several upgrades have been incorporated into the UWB SIRE radar, which include (a) Augmented Reality, (b) antenna array mounting structure, (c) electronic switch and electromechanical relay, and (d) low noise amplifiers and filters.
The purpose of the experiment is to assess UWB SIRE radar upgrades.
The UWB SIRE radar upgrade assessment will be conducted in two phases. Personnel from the RF Signal Processing and Modeling branch will conduct all phases of this field experiment unless otherwise noted.
Phase I consists of system checkouts, verifications, and validations. The intent of this phase is to identify any existing equipment failures prior to the start of assessing the UWB SIRE radar upgrades. Checkouts will initially be conducted on individual systems. After each radar subsystem has successfully passed checkout, the systems will be integrated into the UWB SIRE radar. Data will be collected on a simple target set arrangement using 42 cm trihedrals. Phase II consists of placing the target set arrangement, targets, data collection, data analysis, and image formation.
Background
The U.S. Army Research Laboratory (ARL), Adelphi, Sensors & Electron Devices Directorate (SEDD), Radio Frequency (RF) Signal Processing and Modeling branch designed, developed, and fabricated a second-generation Ultra Wideband (UWB) Synthetic Aperture Radar (SAR) to investigate the feasibility of using UWB radar technology for (a) autonomous robotic vehicle navigation, (b) detecting landmines, Improvised Explosive Devices (IEDs), and unexploded ordnance (UXO) placed on the surface and buried underground, (c) detecting tactical vehicles concealed in foliage, and (d) sensing through the wall. This second generation radar is referred to as the ARL UWB Synchronous Impulse Reconstruction (SIRE) radar. The UWB SIRE radar is installed in a Ford Expedition. The Expedition provides (a) sufficient cargo space for integrating the UWB SIRE radar and support equipment, (b) suitable ground clearance and power to traverse difficult and rugged terrain, (c) rigid roof structure with adequate height and width for mounting an array of antennas, (d) adequate space to add batteries for powering UWB SIRE radar and support equipment, and (e) passenger seating for at least two team members with UWB SIRE radar equipment installed.
Several upgrades are incorporated into the UWB SIRE radar, which includes (a) Augmented Reality, (b) an antenna array mounting structure, (c) an electronic switch and electro-mechanical relay, and (d) low noise amplifiers.
The Augmented Reality system provides the user with a digital representation of the surrounding radar real-world environment. The digital representation is accomplished by superimposing both UWB radar and satellite map imagery onto commercial-off-the-shelf (COTS) digital video camera imagery. Camera position information is provided by a Differential Global Positioning System (DGPS)/Inertial Navigation System (INS) system. ARL recently designed and built an antenna array mounting structure that provides personnel with (a) a safe electro-mechanical method for lifting the antenna array (weight ~500 lbs) to three known operational height positions: 0 or flush with roof, 0.5 m height above roof, and 1.0 m height above the roof structure of the SUV; (b) a method for changing the antenna array mounting structure depression angles between 0, 5, 10, 15, 20, 25, and 30°; and (c) a turntable capability such that the antenna array can be maneuvered to various orientations: forwardlooking at 0°, left and right side-looking at angles of ±45° and ±90°.
The RF electronic switch was incorporated to address pulse ringing caused by an impedance mismatch apparent in the transmitter-antennas. This high-speed switch passes the desired radar pulse from transmitter to antenna and dissipates undesired reflections in a matched load. The RF electro-mechanical relay was incorporated to address amplitude and timing imbalances between the two transmitter-antenna pairs. The relay eliminates the imbalance by switching a single transmitter between two antennas.
Low noise amplifiers and filters were added to each of the 16 receive channels with the intent of increasing the received signal-to-noise ratio in the frequency bands where the radar is operating.
Purpose of Experiment
Description of UWB SIRE Radar

Basic UWB SIRE Radar
The UWB SIRE radar was designed using COTS components in an effort to make the system affordable and scalable. A modular design approach was used so that modifications could be easily implemented. The SIRE system has 16 receive channels housed in a Versa Module Europa (VME) eight-slot, 6U form factor chassis. Four receive channels are located on a single circuit board. Each receive channel consists of a track and hold (T/H) assembly, analog-todigital (A/D) converter, with a field programmable gate array (FPGA) to pull the data off the A/D converters, and integrate and reconstruct the waveforms. The eight-slot VME chassis dedicates four slots to the 16-channel receiver, one slot to the timing and control, and one slot for the interface control board (FPGA Master Controller); two slots are spares for future growth. The radar has a single transmitter, but two transmit antennas are located on opposite ends of the receive antenna array. The UWB radar is controlled by a Dell Workstation (WS) 670 Personal Computer (PC). The UWB SIRE radar was designed to accommodate vehicle speeds of approximately 2.2 mph. Pertinent operating parameters of the UWB SIRE radar are provided in table 1. 
Scope of Experiment
The UWB SIRE radar upgrade assessment field experiment will be conducted at a host activity. The targets and target set arrangement will be defined, obtained, and placed by ARL personnel. Targets will be digitally documented real-time as part of the field experiment data collection. Photographic images will be taken of each target by authorized host activity personnel. Target locations will be GPS-surveyed by host activity personnel. If needed for troubleshooting purposes, ARL personnel will monitor and record the ambient electromagnetic environment (EME), and identify sources of interference using a spectrum analyzer and appropriate antenna.
Experiment and Experiment Conditions
Experiment Configurations
The UWB SIRE radar will be in a ready configuration. Ready configuration is defined as the state in which the Expedition, radar hardware and software, support equipment, and Augmented Reality are operational and have been functionally checked. During this experiment, UWB SIRE radar safety and handling will conform to the Risk Management section of this experiment plan.
Limitations to Scope
If the UWB SIRE radar, Ford Expedition, DGPS/INS, camera, Augmented Reality, or data processing computer operation becomes degraded, a determination will be made to proceed or halt the field experiment until the degraded unit can be repaired or replaced.
Procedures and Methodology
Phase I
Radar System Checkout/Verification/Validation
Phase I consists of system checkouts, verifications, and validations. The intent of this phase is to identify any existing equipment failures prior to the start of assessing the UWB SIRE radar upgrades. Checkouts will initially be conducted on individual systems. After each radar subsystem has successfully passed checkout, the systems will be integrated into the UWB SIRE radar. Data will be collected on a simple target set arrangement using 42-cm trihedrals.
Ford Expedition
A functional checkout will be conducted on the vehicle prior to the start of the field experiment to ensure proper operation. The radar does need not to be installed for the checkout. Approximately 1 h will be required at ARL to complete the functional checkout.
The vehicle will be inspected for leaks and worn or damaged belts. Radiator, transmission, brake, and window washer fluids will be topped off. The tires will be checked for proper pressure and air will be added if necessary. External lights (brake lights, turning signals, head lamps, and running lights) will be turned on and checked. Burned-out bulbs will be replaced. The electrical system, air-conditioning, and rain removal system will be checked to ensure proper operation. If a minor mechanical failure is discovered during the functional check, team members will determine if the problem requires repair prior to the start of the field experiment.
If the failure has a minimal impact on crew safety and/or the experiment, the problem will be documented and the field experiment will begin. If the failure compromises crew safety and/or impacts the experiment, maintenance personnel will be notified, and arrangements will be made to have the item repaired prior to the experiment.
DGPS/INS
A functional checkout of the DGPS/INS system will be conducted to verify that real-time position, time, and velocity measurements are provided. Approximately 5 h will be required at ARL to complete this test.
The DGPS/INS will be evaluated to verify that real-time position, time, and velocity measurements from the INS are updated by the DGPS. The system will be powered ON, and the self-test result will be observed. The base station will be located at the same position for the duration of the field experiment. The position will be marked via spray paint or wood stake to provide a visual reference. The GPS system will be operated for a minimum duration of 3 h with each battery to verify (a) adequate battery life for data runs; (b) that a minimum of four satellite signals are being received; (c) that a minimum of four receiver channels are operational; (d) that the position, time, and velocity are being derived; (e) data can be stored, (f) that the system responds to commands from the Dell WS670 PC and control system software; (g) that the acquisition data software receives and writes the DGPS/INS data stream to the proper file; and (h) that recorded DGPS/INS data from both the base and rover receivers can be post processed.
Batteries that discharge in less than 1 h will not be used during the experiment.
UWB SIRE Radar
The UWB SIRE radar checkout will be conducted to verify proper hardware and software operation (transmitter, receiver, data acquisition, control system software). Approximately 8 h will be required at the host activity to assemble the various UWB SIRE radar components and complete the system checkout.
A system end-to-end check will be conducted to verify that the UWB SIRE radar is fully functional. The radar will be installed in the Ford Expedition, which will remain stationary for the checkout. The UWB SIRE radar and support equipment will be evaluated using the Built-In Test (BIT). BIT will be used to evaluate and verify proper operation of the (a) transmitter, (b) receiver front end (each channel), (c) RFI sniff mode, (d) DGPS/INS receiver, (e) Dell WS 670 PC, (f) data acquisition software, (g) control system software, and (h) DGPS/INS data stream recording. The Dell WS670 PC, in conjunction with the control system software and BIT, will be used to observe and test the transmitter, receiver channels, GPS, RFI sniff mode, and data recording.
The transmitter waveforms will be visually observed real-time and recorded via BIT mode. BIT mode will be used to observe the waveforms real-time, in both the frequency domain and time domain.
The receiver front end and RFI sniff mode will be evaluated by comparing the return signals from a 42-cm trihedral for each channel. The return signals from each channel will be captured, plotted, and compared to each other. A channel will be considered degraded if (a) there is an amplitude variation of more than 6 dB at a particular frequency or time compared to the other channels, or (b) there is a frequency variation of more than 50 MHz (or 20 ns) at a particular amplitude compared to the other channels. The Quad receiver card containing the degraded channel will be removed and replaced with a spare Quad receiver card.
Functional Calibration
A functional calibration will be conducted prior to the start of the field experiment. The functional calibration will be conducted to determine the amplitude variation and time delays between the receive channels. A single 42-cm trihedral elevated 2.0 m above ground level (AGL) using Styrofoam will be used to determine the receive channel delays with both the transmitter and receiver antennas. The functional calibration will be conducted in conjunction with the UWB SIRE radar checkout. Approximately 1 h will be needed at the host activity to collect and process data.
The 42-cm trihedral will be elevated 2 m AGL using Styrofoam and will be placed 15 m downrange from the radar. The trihedral location will be GPS-surveyed. The functional calibration will be conducted with the Ford Expedition inline of the elevated trihedral. The vehicle will remain stationary while the UWB SIRE radar transmits and receives in Horizontal receive and Horizontal transmit antenna (HH) polarization for approximately 2 min. The trihedral and Styrofoam will be removed so background data can be collected. The vehicle will again remain stationary while the UWB SIRE radar transmits and receives for approximately 2 min. These procedures will be repeated while the UWB SIRE radar transmits and receives in Vertical receive and Vertical transmit antenna (VV) polarization. The data will be used to determine the amplitude variations and time delays between the individual receive channels.
Phase II
Field Experiments
Phase II consists of placing the target set arrangement, targets, data collection, data analysis, and image formation.
Target Set Arrangement Setup
A target set arrangement consisting of seven 42 cm trihedrals will be used to collect data and assess the upgrades. The trihedrals' locations will be GPS-surveyed and digitally documented. Approximately 2 h will be required at the host activity to place the target set arrangement, complete GPS surveys, and digitally document the arrangement.
Soil Characterization
The soil will be electrically characterized at locations where the trihedrals are placed prior to the start of the first data run using the newly developed ring resonator. Approximately 0.5 h will be required at the host activity to collect the soil data.
Target Set Arrangement
Phase II will consist of placing seven 42-cm trihedrals along a 1000-m lane of graded indigenous soil. The trihedrals will be placed on the side and off-center of the lane for forward-looking mode, as shown in figure 1 ; the Δ represents a trihedral. The trihedrals will be tilted forward approximately 37° to obtain the optimum radar response. The target set arrangement will be documented via GPS survey, digital photos, and video. The trihedrals will be placed outboard of the lane approximately 10 m for side-looking mode, but will remain at the same distance downrange. Figure 1 . UWB SIRE radar upgrade assessment target set arrangement.
UWB SIRE Radar Data Collection and Data Analysis
Trihedral backscatter data will be collected using the UWB SIRE radar with the intent of assessing the upgrades. Data will be collected with the antenna array assembly at a 1 m height in forward-looking and side-looking modes, with both HH polarization and VV polarization. Two data runs will be made per radar configuration. Radar imagery will be formed on-site and provided to the Augmented Reality system. Approximately 33.5 h will be required at the host activity to collect and analyze the data.
Data Runs
The Ford Expedition UWB SIRE radar will travel through the target set arrangement at a speed of approximately 2 mph. The data runs will be initiated with the Ford Expedition located at the beginning of the lane. The UWB SIRE radar will be continuously transmitting and receiving while the Ford Expedition is driven through the target set arrangement. When the Expedition reaches the end of the target set arrangement, the UWB SIRE radar transmissions will be discontinued.
Upgrade Assessment Priorities
The prioritized events and summary of time to complete phase II are contained in Table 3 lists requested host activity support necessary to accomplish the field experiment. Table  4 contains the coordination action items ARL personnel will address prior to the field experiment. An Experiment Readiness Review (ERR) will be conducted approximately 1 week prior to the start of the field experiment to review all support requirements. Table 3 lists various host activity support activities and corresponding responsibilities necessary to accomplish the field experiment. Table 4 lists various ARL coordination activities and corresponding responsibilities necessary to accomplish the field experiment. 
Support Requirements
Host Activity Support Requirements
ARL Coordination Activities
Risk Management
During the field experiment, only RDRL-SER-U personnel will operate the UWB SIRE radar. ARL will submit the CERDEC Safety Checklist at least 2 weeks prior to the start of the field experiment.
Hazard Analysis
The Hazard Analysis is provided in appendix A.
UWB SIRE Radar Hazard Area
Since the UWB SIRE radar operates across a wide range of frequencies, there is no single value for the Maximum Permissible Exposure (MPE). As recommended, the FCC MPE, reference 1, to personnel from RF was calculated from 300 MHz to 2300 MHz in 100 MHz increments. The FCC defines an operational/controlled environment as a situation in which persons are exposed as a consequence of their employment, provided those persons are fully aware of the potential for exposure and can exercise control over their exposure. Limits for occupational/controlled environments also apply in situations where an individual is transient through a location where occupational/controlled limits apply, provided he or she is made aware of the potential exposure. Exposure is measured as the average power accumulated in a 6-min period. The FCC defines general population/uncontrolled exposures as situations in which the general public may be exposed, or in which persons who are exposed as a consequence of their employment may not be fully aware of the potential for exposure, or who cannot exercise control over their exposure. For this measurement, the average is carried out over a 30-min period.
UWB SIRE Radar Calculations
The transmitter has a peak power of 6.25 W and an average transmit power of 5 mW across the entire frequency band fed to a transverse electromagnetic (TEM) horn with an area of 142 cm 2 .
The estimated power density at the face of an antenna is 0.14 mW/cm 2 , which is below the most stringent occupational, as well as general public MPE limits. As a further check of compliance, a curve was fitted to the output spectrum measured from one of the transmitters, and the power available in 100 MHz bands was calculated along with a gain for an aperture antenna whose effective aperture (A e ) is 0.0071 m 2 , this being an equivalent size of one of the TEM horns. A comparison of this FCC approach to antenna gain versus our measured gain shows a close match. The power density does not exceed the FCC MPE operational/controlled limit or population/uncontrolled limit at any frequency. Table 5 shows the maximum MPE limits and UWB SIRE radar field power density for each frequency, as well as the safety range at that frequency. The ranges are all much less than the far field or even transition region, and are, therefore, in the reactive near field of the antenna and expected to be overly cautious. The ranges, however, are on the order of a millimeter, and being this close, the question would arise as to whether Permissible Exposure Limit (PEL) limits are a reasonable approach for this safety evaluation, as the FCC uses specific absorption rate for handheld and portable devices that are less than 20 cm from the body. While the total power at the face of the antenna is still below PEL limits, it would be prudent to stay at least that distance (~7.8 in) away from the front of the antennas for extended periods of time in case "hot spots" might be present in the reactive near field of the antenna. Realize that there is an additional safety factor of two when one is near one of the antennas, as it only operates ~50% of the time. As can be seen, the UWB SIRE radar is not a safety hazard to personnel or the general population. 
Safe Separation Distance for Munitions
The safe separation distance for unshielded munitions was calculated to be 31.35 ft using equation 2, per reference 2. The most offensive combination of gain/transmit power was used for the calculations, which occurs at 900 MHz. Reference 2 recommends using the average power if the pulse width is less than 10 ms. The UWB SIRE radar has a 1.1 ns pulse width; however, the peak transmit power was used in lieu of the average transmit power to provide an additional safety margin. 
Field Experiment Special Precautions
The following operations shall be followed during the field experiment.
• Frequency authorization for the UWB SIRE radar will be obtained from the host activity frequency manager.
• Personnel with medical electronic devices shall avoid the area directly in front of the transmit antennas while the UWB SIRE radar is operational.
• Personnel shall maintain a minimum safe distance of 20 ft while the Expedition is moving.
• The verbal emergency UWB SIRE radar shutdown statement will be "Cut Transmitter." The visual emergency UWB SIRE radar shutdown signal will be an open hand moving horizontally across the throat.
• Only those personnel necessary to accomplish the required field preparation and/or experiment shall be permitted in the area during operations.
• No UWB SIRE radar transmission during Expedition fueling.
• Drip pans/cans will be placed under leaks if necessary.
• Oil and fuel spills shall be cleaned up in a timely manner.
• Equipment such as forklifts, umbilical connections (air cooling, electric, hydraulic, etc.), and yellow gear systems (backhoe) are to be operated by experienced personnel.
• The general area will be inspected daily for any flammable material and liquids. If such material is found, the field experiment will be delayed until the material is removed.
• If fire occurs, the Host Activity Fire Department will be notified.
• At least one fire extinguisher will be stored in the vehicle during the field experiment.
Operational Security
All aspects of the UWB SIRE Radar Upgrade Assessment Experiment are UNCLASSIFIED; therefore, an Operations Security (OPSEC) Annex is not required.
Management
The schedule and milestones are depicted in table 6. Table 6 . UWB SIRE radar upgrade assessment field experiment schedule.
Event Time (Hours)
Radar set-up and checkout (phase I).
8.0 Placement of target set arrangement.
1.0 GPS survey, digital documentation, and soil measurements.
1.5 Data collection forward-looking, VV polarization. 
UWB SIRE Radar Operator
This person is responsible for radar operation. Roles and responsibilities include but are not limited to: (a) operation of the radar, (b) recording data run information, (c) orchestrating data collection, and (d) maintaining experiment tempo.
Target QA
This person is responsible for ensuring the targets are prepared as defined in the experiment plan. Roles and responsibilities include but are not limited to: (a) verifying proper placement (location and orientation) of targets, (b) monitoring GPS surveys, and (c) verifying digital documentation of targets and target set arrangement.
Radar Assembly
This person is responsible for ensuring the radar and all support systems are properly assembled and integrated. Roles and responsibilities include assembling the (a) radar, (b) Augmented Reality system, (c) radar and data analysis computers, (d) antenna mount assembly, (e) antenna array assembly, and (f) verifying proper operation of the entire UWB SIRE radar system.
Data Analysis
This person is responsible for processing the UWB radar raw data and forming images, as well as superimposing both UWB radar and satellite map imagery onto the COTS digital video camera imagery. 
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